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Introduction
The upper shoreface of sandy, storm-wave dominated coastlines often exhibits an "equilibrium morphology" characterized by the presence of one or more bars (Zenkovitch, 1967; Hands, 1976; Greenwood and Davidson-Arnott, 1979; Greenwood, 1982) . Under a "steady equilibrium" the time-averaged total sediment transport rate approaches zero at every point on the surface. Greenwood (1987) suggested that bars may grow in amplitude with little change in form, existing as a "dynamic equilibrium" operating over several storms in a nearshore sand prism in "steady state". In contrast, a shoreface experiencing considerable swell may evolve from non-barred (planar) to barred and back to non-barred through a cyclic response to changing wave climate (Short, 1978 , 1979 : Wright et al., 1979 Sunamura, 1988) . Although a large body of literature exists on the morphology, sedimentology and morphodynamics of barred slopes (e.g., Greenwood, 1974, 1976; Exon, 1975; Davidson-Arnott 1975, 1979; Carter, 1978 : Hunter et al., 1979 Wright et al., 1979 Wright et al., , 1986 Davidson-Arnott and Pember, 1980; : Goldsmith et al.. 1982 : Bowman and Goldsmith. 1983 Wright and Short. 1983 : Greenwood, 1987 Aagaard, 1988a, b, c) , the sediment transport processes that develop and maintain barred slopes are still ill defined.
Theoretical expressions for equilibrium nearshore slopes derived from Bagnold's (1963 Bagnold's ( , 1966 sediment transport equations (Inman and Bagnold, 1963; Inman and Frautschy 1966; Bowen, 1980a, b; Bailard, 1981; lnman, 1981: Jago and Hardisty, 1984; Leont'ev. 1985) have been the most successful in predicting, at least qualitatively, observed slope behaviour. Bowen (1980a) , for example, suggests that an "'equilibrium" slope represents a surface over which fluid stresses are balanced by gravity through local variations in that slope. Stress induced by oscillatory currents associated with the incident waves provide a first-order transport mechanism, which can then be perturbed by other mechanisms to effect variation in slopes. These perturbations are manifested as odd moments of the velocity field, especially the mean and skewness. Since the major characteristics of barred topographies are local slope reversals, then (following Bowen's argument) mechanisms inducing local net sediment transport reversals must be explained. Reversals in the crossshore sediment transport vector (excluding the special case of rip currents) have been attributed to incident-wave induced asymmetries in the local velocity field (lnman and Frautschy, 1966 : Wells, 1967 : Bowen, 1980b Bailard. 1981 Bailard. , 1983 Bailard. , 1987 Sherman, 1984: Trowbridge and Madsen, 1984; Hardisty, 1985 : Doering, 1988 Doering and Bowen, 1989) , infragravity wave drift velocities Inman, 1971: Bowen, 1980a; Holman and Bowen, 1982; Kim and Wright, 1987) , tong waves forced by wave groups (Larsen, 1982; Shi and Larsen, 1984; Doering and Bowen, 1989) and undertow resulting from gradients in wave setup (Longuet-Higgins and Stewart, 1964; Longuet-Higgins, 1983; Svendsen, 1984; Stive and Battjes, 1984; Leont'ev, 1985; Stive, 1986; Stive and Wind, 1986) . Several theoretical expressions for cross-shore transport equilibrium depend upon bedload moving onshore and suspended load moving offshore (see Bowen, 1980a : Chappell, 1981 : Leont'e~, 1985 Recently. Roelvink and Stive (1989) used a modified Bailard {1981) total load sedirnenl transport equation. including a transport component contributed by turbulence which penetrates to the bed from the breaking surface wave, to model the spatially varying cross-shore sediment transport The contributions to the depth-integrated velocity field (necessary in the Bailard formulation) were predicted for: (a) the breaking wave-induced turbulent flow, (b) incident wave-induced asymmetric oscillatory flow, (c) momentum decay-induced undertow, and (d) wave group-induced long wave flow. A series of laboratory tests showed qualitative agreement between the model and the observed development of a nearshore bar. It was further shown that the contributors to the transport were of the same order of magnitude with the exception of undertow, which dominated in the zone of maximum energy dissipation (waYe breaking). At present, however, a theor~ of wave breaking and a formal description of breaker dynamics is lacking (see Longuet-Higgins, 1981; Basco, 1982) ; it is therefore questionable practice to develop and test sediment transport models for the upper shoreface with existing hydrodynamic theory.
Laboratory observations of reversals in net cross-shore sediment transport are extensive and a large number of quasi-theoretical expressions for predicting the direction and rate of cross-shore transport have been developed, based upon simple time-averaged wave and beach parameters. In general these do not predict local slope variations, and in any case they have been singularly unsuccessful in prototype applications (see King, 1982 and Castel. 1989 for a valuable review).
Field measurements of the hydrodynamics associated with barred profiles already exist (e.g., Wright et al., 1979 Wright et al., , 1982 Wright et al., , 1986 Wright et al., , 1987 Hunttey, 1980; Greenwood and Sherman, 1983 , 1986a Wright and Short, 1983; Katoh, 1984; Sattenger et al., 1985; Davidson-Arnott and McDonald, 1989) . However, emphasis has been placed upon correlating large-scale morphological behaviour with incident wave character-istics (e.g., Sunamura and Takeda, 1984; Wright and Short, 1984; Wright et al., 1987) and infragravity wave characteristics (especially edge waves --e.g., Chappell and Wright, 1979; Sallenger and Holman, 1987; Bauer and Greenwood, 1990 ). To date, few studies have examined the near-bed velocity field and the direct response of the local sediment-water interface. Bailard (1983) shows a correlation between on-offshore sand transport across a tidal beach foreshore and spatial averages of the odd moments of the velocity field, when the latter were expressed as a function of wave height and sediment fall velocity; in this instance the beach remained essentially subplanar. show that the seaward slope angle of a large marine bar in steady state can be predicted by using the measured asymmetries (simple differences) in the on-offshore maximum orbital velocities and the formula of Inman and Frautschy (1966 based on Bagnold's energetics concept). Greenwood and Sherman (1984) document local scour and accretion pattern which correlate with spatial gradients in both the timeaveraged mean and skewness of the cross-shore velocity field (see also Hardisty, 1985) . Observed decreases in both the offshore mean flow and velocity skewness from bar trough to crest provided some support for Leont'ev's (1985) model for equilibrium bar trough topography. In this study there was little evidence for the existence of low-frequency waves which might have induced these asymmetries. Sallenger et al. (1985) document the offshore migration of a nearshore bar under breaking waves and suggest a possible correlation with measured offshore mean flows up to 0.50 m s l; however, little evidence was found to support a relationship with infragravity waves (Sallenger and Holman, 1987) . In contrast to these two studies, Bauer and Greenwood (1990) establish a strong correlation between erosion, accretion and morphological adjustment of an outer linear bar and theoretical drift velocities for a high mode, standing edge wave: the edge wave was identified from detailed measurements of the cross-shore and alongshore wave structure.
Conclusive field evidence for net sediment transport reversals over barred topographies, together with the contemporaneous fluid dynamics are limited. Structural signatures left by migrating bedforms do confirm transport reversals at least for sediment generally interpreted as bedload (e.g., Greenwood and Davidson-Arnott, 1975 , 1979 Short 1984) . The angle-of-repose bedding identified also indicates the presence of separation vortices and hence extensive sediment suspension. At present considerable debate exists concerning the relative contributions of suspension and bedload to the total transport (Komar, 1978 : Hanes, 1988 Sternberg et al., 1989: Zampol and Inman, 1989) as well as the direction of any net transports of these two components under complex surf zone flows and bed configurations.
The net cross-shore transport vector in the prototype will be constrained by interactions of a number of mechanisms (Kobayashi, 1988) : mass transport velocities from incident and secondary waves (e.g., Longuet-Higgins, 1953; Bowen and Inman, 1971; Carter et al., 1973; Holman and Bowen, 1982; Bowen and Huntley, 1984) , wave shape asymmetry (e.g., Inman and Bagnold, 1963 : Wells, 1967 , rip currents (e.g., Shepard et al., 1941; Cook, 1970 : Sonu, 1972 Greenwood and Davidson-Arnott, 1979; Short, 1985; Bowman et al., 1988a,b), undertow (e.g., Dhyr-Nielsen and Sorensen, 1970; Longuet Higgins, 1983 : Svendsen, 1984 Dally and Dean, 1984; Stive and Battjes, 1984; Leont'ev, 1985) , cross-shore variation in the longshore current (e.g., Longuet-Higgins, 1972 : Bailard, 1981 Deigaard et al., 1986) , and the configuration of the bottom boundary (e.g., lnman and Bowen, 1963; Sleath, 1984) as well as the downslope component of gravity induced by the slope itself (Inman and Bagnold, 1963; Bowen, 1980a,b; Bailard, 1981) . The roles of these mechanisms have yet to be fully evaluated, but it is clear that such interactions will be expressed in the time-varying near-bed velocity. Furthermore, the moments of the velocity distribution provide a first approximation to the potential for sediment transport (Bowen, 1980a,b; Bailard, 1981; Guza and Thornton, 1985; Bowen and Doering, 1985) and the direction of this transport will be constrained by values of the odd moments (mean and skewness). There is need therefore, for a fuller understanding of the links between beach slope and the magnitudes and distributions of the near-bed velocity moments (Bailard, 1987) , especially under active sediment transport conditions with an equilibrium morphology.
In this paper field measurements are presented of the near-bed fluid velocities, the associated timeaveraged sediment flux and the resulting morphodynamics of a barred nearshore slope during high wave conditions. A steady state morphology and balanced sediment transport condition is illustrated and the low-order moments of the ~::~oss-shorc velocity field are examined for their potential role i~l the sediment transport controlling this steady state~ Possible forcing mechanisms l\~r the cross-shore velocities observed are also considered briefly.
Location of study
The study site, located at Wymbolwood Beach, Ontario, Canada (Fig.l) shore bars in medium to fine sands (0.13 0.43 mm mean diameter) on a mean nearshore slope of 0.015 (Fig.2) . Bar crest heights (and thus crest positions) were defined by the maximum distance perpendicular to a line of mean beach slope tangential to the bar troughs. The inner and outer bars were respectively 0.55 and 0.45 m high and located approximately 30 and 70m offshore. The inner bar had relatively steep local slopes (landward= 0.083; lakeward = 0.047-0.031). The outer bar, in contrast, consisted of a laterally extensive, very gentle landward slope (0.005) from 55 to 70 m offshore and a lakeward slope approximately equal to that of the mean beach slope. It is worth noting that neither of the landward slopes were close to the angle of repose during this experiment, though such slopes frequently occur in the innel: bar system, especially as the bar migrates onshore and/or alongshore prior to merging with the beach face in a broad shore terrace.
Experimental design
Sensor location (Fig.3) was dictated by the number available and a desire to monitor the overall surf zone dynamics as well as the detailed fluid motions under breaking waves over one slope element, the landward (reverse) slope of the outer bar.
Monitoring waves and currents
Incident waves and mean water surface elevations were recorded with a shore-normal array of 15 (1.5 3m long), surface piercing, continuous resistance wave staffs (modified after a design by Truxillo, 1970) . The lakewardmost staff was ~130m offshore in ~2m of water (Fig.3a) . Wave staffs were calibrated individually in the field and sensor output was linear except for the lowermost 0.25 m. Local wind speed and direction, important for wave generation in this fetch-limited environment and for inducing water level setups, was measured relative to the shore-normal at the beach face using a Belfort anemometer and wind vane.
The horizontal components of flow in the shorenormal and shore-parallel directions were recorded using biaxial electromagnetic flowmeters (MarshMcBirney Model OEM 512) . Nine flowmeters were deployed in a tri-level, shore-normal array across the landward slope of the outer bar (Fig.3b) to provide a reasonable determination of the spatial and temporal coherence of the vertical structure in the local horizontal velocity field. The flowmeters in each vertical array were placed at 0.1, 0.5 and 1.0 m above the pre-storm bed, and the arrays separated by 5 m at 60, 65 and 70m offshore. Single flowmeters (at 0.1 m elevation) were deployed on the lakeward slope of the outer bar (~ 110 m offshore) and landward of the inner bar, in the trough (~5 m from the beach step). A flowmeter was deployed also on the lakeward slope of the inner bar, but proved unreliable and is not considered further. Flowmeters were calibrated individually in a large towing tank at the Canadian than 5% (Doering and Bowen, 1987a,b; Guza et al., 1988) . All sensors were hardwired to a shorebased power supply and computer-controlled data acquisition system and scanned every 0.42 s for approximately 20 min.
Data analysis
The first three normalized moments of the surface elevation and cross-shore velocity field were computed:
where q(x,i) and u(x.0 are the instantaneous surface elevation and shore-normal velocity, respectively, at location x; n is the sample size (2925 points), the overbar indicates time-averaged values and the subscripts s and sk refer to the standard deviation and skewness respectively. Note that the skewness computed is the normalized time-averaged third moment about the mean (as also computed by Guza and Thornton, 1985) ; it is therefore not identical to the time-averaged third moment of the total oscillatory velocity vector, < ut 3 > as computed by Bowen (1980a,b) and Bailard (1981) , which incorporates any alongshore contribution and contributions from mean flows. In this way the mean velocity (lst moment) can be considered as a distinct component of the velocity field from the velocity skewness (3rd moment), direct comparison between data records with differing means is possible and the potential for shore-normal sediment transport is emphasized. It should be noted further, that the skewness reflects wave asymmetries about both the horizontal and vertical axes (see Doering, 1988) . Higher order moments (4th, 5th, etc.) were not computed because the limited record length would bias against any low-frequency fluctuations (groupiness, secondary waves, etc.) which become important to the higher moments and since their susceptibility to data errors leads to dramatic reductions in statistical reliability. Bailard (1987) actually uses a 5th order moment to provide a test of data reliability. Energy spectra were computed using the BMDP2T Power Spectrum Analysis (Dixon, 1971; Dixon and Brown, 1979) . Peak periods (Tpk and Upk) were determined from the maximum variance spectral densities; significant wave heights were estimated from the total record standard deviations (H~ = 4 x t/s ).
Monitoring sediment flux and morphological change
Local sediment reactivation depths, estimates of total and net sediment flux, as well as precise bed elevation and slope changes were measured with depth-of-activity rods. Figure 4 summarizes the measurements made by divers and the flux computations (for full description and tests of rod accuracy, see . Sixty-five steel rods, 0.5 cm in diameter, were deployed in total ( Fig.3 ) with the greatest density in a subset across the landward slope of the outer bar (42 rods covering an area of 550 m2). Other subsets were used to monitor the inner bar and the lakeward slope of the outer bar (Fig.3a) . Nominal control volumes for each zone were determined by taking the areal extent of the grids and multiplying by a standard 0.5 m depth of sand. The latter is a reasonable depth for potential "reactivation", considering the bar heights and their ability to migrate.
Large-scale morphological changes were monitored by surveying shore-normal lines at 30 m intervals alongshore (Fig.2) . A Raytheon Fathometer (Model DE719) recorded depths from approximately 50m offshore (depth l m) to 1000m offshore (depth 7m). Depths less than 1.75 m and the beach face were surveyed using a level and staff; elevations were corrected to an arbitrary datum 2.78 m above the average still water. Detailed bathymetric adjustments were resolved using the depth-of-activity rod measurements along certain transects.
Storm event: June 16-18, 1986
A meteorological depression tracking northeastward across Georgian Bay, June 16-18, 1986, generated waves which propagated into the experimental site for a period of 49 h. A synthetic deep water wave climatology for Nottawasaga Bay, based on 14 years of meteorological data from Cove Island (Fig.l) and SMB hindcasting procedures (see Hale and Greenwood, 1980 ) is available from Brander (1988) . A partial duration series of significant wave height suggests a return period for this storm of only 0.2 yrs. This storm was not, therefore, an extreme event with respect to wave size; however, owing to the gentle slope of the upper shoreface, depth-controlled wave breaking is reached quickly in storms and the ,,urf zone extends several hundreds of meters offshore, v~eli [akeward of the outer bar~ Furthermore. wa~c height and period quickly become fetch limited: deep-water waves entering Nottawasaga Bay recorded over 2 years by the Marine Environmental Data Service of Environment Canada (l::ig.I) do not exceed 3 m in height or 8 s in period (pers. commun., 1989) . The effect of storm magnitude in the nearshore is, therefore, to control the duration of wave breaking in the upper shoreface. It also may constrain the generation of low-frequency oscillations (edge waves, seiches, etc.), wind stress currents and the amount of wind and wave setup at the shoreline.
Temporal variation in wind speed and direction at the beach face and significant wave height and peak period, measured at the outermost wave staff are presented in Fig.5 . Direct observation, together with use of a realistic breaking criterion (0.45 for undulatory bores; for review see Cowell, 1982) , indicate that the surf zone extended well beyond the outer bar for a period of at least 11 h and that breaking was present on the outer bar crest and the area landward for a significantly longer period. It is important to note however that the peak incident energy conditions and the associated wave-induced near-bed oscillatory currents were confined between 1300h on June 16 and 0300h on June 17 (Fig.5) .
Maxima in wind speed and wave height were nearly in phase during this storm (peak wave height lags peak wind speed by only 0.5 h, Fig.5 ) owing to the coincidence of winds with the maximum effective fetch (west-northwest). The reduction of wave height following the storm peak at 1800 h can be attributed to a reduction in wind velocity as well as to a shift in the wind direction to the north and northwest away from the maximum fetch. Breaking waves were present on the upper shoreface by 1300h on June 16 under 7 knot (13.5 m s -1) winds from the southwest. Winds from the west-northwest increased to a maximum of 20 knots (38.5ms-~), at 1730h generating significant wave heights of 1.5 m by 1800 h with a peak period of 5.5-6 s. Passage of the frontal system caused winds to veer to the north-northwest and north at 2000h with speeds of 15 knots (28.8m s 1) which decreased to 5 knots (9.62 m s 1) by 0300 h on June 17. Wave heights decreased to 1.26 m by 2030 h (June 16) and 0.75 m 6 h later, when the peak period also dropped to 4 s; waves remained approximately at this height and period under moderate winds for the remainder of the storm. Waves were therefore wind forced with no propagation of swell from long distances. Although wave activity lasted for 49 h, the largest waves were confined to the first 12 h of the storm.
Morphodynamic response of the nearshore slope Figure 6 illustrates pre-and post-storm profiles together with a profile from later in the season from the instrument transect (Line 0). The outer bar remained virtually unchanged as a result of this storm and through until June 24, even though another storm occurred between June 19 and 23. Indeed the crest location and form of this outer bar had remained essentially the same since May 16, even though several small storms passed through the area during this time. More specifically, the landward slope experienced no measureable change.
The inner bar, in contrast, migrated onshore along Line 0, with the crest advancing ~6 m landward of its pre-storm position. This was associated with erosion of both the lakeward slope, landward side of the trough and the beach face. Fifteen meters to the south however, the crest remained stable resulting in a three-dimensional sinuous form. A cuspate shoreline rhythm was observed forming at 0430 h on June 17, well past the storm peak, with horns at 60 m and 120 m north of Line 0. By 1330 h on the same day these horns had increased in size and the inner bar at these locations was now only ~ 2 m from the beach step. One day later (1200 h, June 18), the inner bar had migrated along Line 0 to a position less than 16 m from the beach step; since the pre-storm crest position was 26 m from the step, and allowing for some small lakeward progradation of the beach face and step, the bar had therefore migrated ~ 10 m. The inner bar at 60 m and 120 m north of this line had actually attached itself to the beach by this time. Although it was impossible to monitor continuously the morphodynamic behaviour of either bar during the storm peak, rod measurements reveal that the outer bar was extremely stable in position and form, while the inner bar was significantly more dynamic, exhibiting both form and positional changes. However, beach observations support the contention that these adjustments were restricted to the period after the storm peak. 17% reactivation of the partial control volume, with essentially uniform depths of reactivation over both landward and lakeward slopes; the net volume flux of sediment (INVF) was again less than 1% of the control volume. Sediment reactivation in the inner bar was significantly higher than in the outer bar; 32--51% of the partial control volume (depending on the shore-normal transect considered) was reactivated. The net volume flux of sediment (INVF) was also larger (2% on average), but variable alongshore (Table 1) , reflecting erosion and accretion associated with developTent of the three-dimensional form. This net flux was, however, still extremely small. Both bars, therefore, exist within a sand prism which, at least in the short term (~10 l yrs), is in a "steady state", supporting the earlier conclusions of Greenwood (1987) .
Outer bar slopes
In the outer bar, bed elevation changes were negligible (Fig.7) ; 70% of the rod measurements on the landward slope showed changes less than *ITVF and 1NVF refer to the time-integrated total and timeintegrated net volume fluxes of sediment respectively 4-1 cm, which is within the error band for the measurements. Also the range of relief induced by single wave ripples is of the same order and ripples of such size (~<2 cm) are always present on the post-storm surface. Thus the local slopes and hence the outer bar morphology remained essentially unchanged. Since significant sediment reactivation did occur, with a maximum depth of 14 cm (Fig.7) , the bar form could be considered to be in a "steady state" in the presence of considerable sediment transport (estimated from rod data to be ~0.14 m 3 m-2). Post-storm box cores ) from the flowmeter locations on the landward slope of the outer bar revealed bedding within the storm reactivation layer reflecting sedimentation associated most probably with the post peak reduction in near-bed velocities (Fig.8) . At this time any sediment redistribution would most likely be manifested. The structural signatures were those expected with a falling flow regime (Greenwood and Sherman, 1987) . Sets of landward dipping, medium-scale cross lamination (=oscillation megaripples) were dominant and succeeded vertically by small-scale cross lamination (= oscillation ripples) with occasional preservation of the genetitally related ripple mark itself. Only at the tocaticm closest to the bar crest (70 m. Fig.3 ) was planar lamination ( = flat bed/sheet flow) identifiable vdthin the storm reactivation layer and even here it was a thin unit (<0.01 m). During the oscillation megaripple phase, net sediment transport iat least bedload) was shoreward, but it is impossible to determine how significant this was in volumetric terms. Small-scale surface ripples, developed at the termination of the storm, showed structural evidence for both landward (dominant) and lakeward migration indicating some small shifts in the directionality of the net transport at this stage: however, the amounts of sediment moved would have likely been small. The directionality of net sediment motion associated with any flat bed phase is unknown, although it is clearly possible that transport rates at this stage would be the most significant. Since the lower regime structures in general indicated a net landward transport of sediment (at least of bedload), then the sediment balance was achieved either by offshore transport during the flat bed phase or by suspension transport at any time.
Inner bar slopes
Along the instrument line (Line 0), up to 40 cm of sediment was eroded from the lakeward slope of the inner bar and a similar accretion occurred on the landward slope (Fig.7) . The near equality of volumes involved is consistent with a simple landward displacement of sediment, which was reflected in the landward migration of the bar form. Along transect 15 S, however, erosion of both lakeward and landward slopes occurred (of the order of 10cm) associated with a vertical accretion of the bar crest (Fig.7) . Local steepening of slopes resulted from both the migration and vertical accretion of the inner bar.
Local hydrodynamics
To understand the fluid dynamics and kinematics which induced motion of large volumes of sediment with near-zero net transport and no morphological change in the outer bar, while at the same time inducing significant changes in the inner bar, the local near-bed currents wilt be examined:
.lOm Fig.8 . Epoxy relief peels of box cores from the landward slope at 60-70 m off'shore. The peels on the left are oriented in a shore-normal direction, ,~ith the shoreline to the left; the peels on the right are oriented in a shore-parallel direction with north being to the right. The depth-of-reactivation relative to the post-storm surface is marked by the arrows, a= planar lamination: h-medium-scale trough cross lamination: c= small-scale trough cross lamination.
Especially important are the cross-shore components of the velocity field which must represent a first approximation to the sediment transport potential of the system. Figure 9 illustrates a time series of frequency distributions of the cross-shore velocity vector (ux,i) measured at an elevation of 0.10m at the three locations across the landward slope of the outer bar. Several characteristics relevant to sediment transport are revealed.
Cross-shore velocities: outer bar
First, the oscillatory currents alone were well in excess of the threshold for motion of the local sand (conservatively taken as 0.20 m s-1), throughout the full storm period. Furthermore, for the grain sizes present on the landward slope of the outer bar times when waves would be shoaling rather than breaking at this location. The latter gives confidence in the instrument performance and credibility to the variation in measured currents during more energetic conditions. A small increase in gain in the flowmeter at 65 m appeared on June 17 18: although the trends were coherent with other sensors close by, speeds will be overestimated.
As noted earlier, local orbital velocities (u0 at all stations were well in excess of the threshold for motion for the local sand throughout the storm, peaking between 1700h and 1800h on June 16 when maximum flows (2.8 x u 0 were well above the threshold for sheet flow. Even as late as 1600 h on June 18, near-bed flows would have maintained sand in motion. Cross-shore velocities during the storm peak were a maximum at the outermost station and decreased landward as a result of energy dissipation due to wave breaking and propagation into slightly deeper water in the trough.
From 1300 h until 2330 h on June 16 an offshore mean flow was superimposed on the oscillatory motion, reaching a maximum of 0.20 m s ~ at the 60 m station. This strong current was not restricted to the landward slope; temporally coherent offshore flows were observed on the lakeward slope of the outer bar and landward of the inner bar (Fig. 10) . It is significant that during the early part of the storm, when waves built from the southwest for a short time, this time-averaged mean flow decreased lakeward from 0.20 m s ~ to 0.12 m s over a distance of 10 m across the landward slope so that the flow was detectable but small (0.04m s ~) at the 110 m station. At the storm peak, with expansion of the surf zone width, velocities increased lakeward across the landward slope from 0.12 m s ~to0.18ms ~andwereofthe same order at the 110 m station. After 2330 h on June 16 the mean flows were less than 0.04 m s ~; if we accept this value as a conservative estimate of flowmeter accuracy due to rectification problems (Cunningham et al., 1979) it would suggest that at this time mean flows were essentially zero.
Coincident in time with the offshore mean flow was a large positive (onshore-directed) skewness in the cross-shore velocity field. Skewness increased dramatically after 1600 h but returned to near zero by 2330 h: this increase in velocity as>mmetry coincided with the continuous propagation oi spilling breakers through the array and is undoubtedly due to the non-linear nature of the surface waves at this time. No statistically stgniticant difference in the time and depth-averaged skewness could be discerned between the three stations on the landward slope separated as they were by only 5 m; a statistically significant difference was identified between the near-bed skewness averaged through the storm peak and that higher in the water column. The time-averaged near-bed velocity skewness was approximately 40% lower than the velocity skewness in the water at an elevation of 0.50 m. Finally, it should be noted that the velocity field across the outer bar was nearsymmetric with a near zero mean flow for much of the storm, even when spilling breakers had been initiated to lakeward. Only during the periods of most intense wave breaking was the cross-shore velocity field strongly asymmetric.
Cross-shore velocities." inner bar system
Owing to malfunction of the flowmeter on the lakeward slope of this bar, the structure of flow within the inner system can only be identified within the trough (CM9, Fig.3 ). Figure 10 illustrates the time series of cross-shore velocity moments through the storm at this location. It is evident that oscillatory velocities, as expressed by u~, were much lower than over the outer bar and this can be attributed almost totally to the dissipation of wave energy through breaking and friction as waves propagated onshore. At the storm peak (1800 h) for example, significant wave height had been reduced to 0.54 m at this location from 1.50 m in the outer surf zone (130m offshore). Nevertheless, flow velocities were certainly large enough to maintain sediment in motion throughout the storm cycle. Significant offshore mean flows mirroring those of the outer system (Fig.10 ) occurred at this location also; speeds up to 0.15 m s 1 occurred after breaking had been initiated on the inner bar early in the storm. The major distinctions between the velocity field at this location and that of the outer surf zone, however, were: (1) the decrease in positive skewness through the period of wave growth to the storm peak, and (2) the increase and persistence of large positive (onshore) skewness values through the storm decay period of June 17. The former supports the observations of Guza and Thornton (1985) that skewness increases with shoaling to a maximum at the point of initial wave breaking (at this time over the outer bar) and thereafter decreases shoreward. The latter correlates well with the observed development of strongly translatory bores associated with wave breaking in these small water depths across the inner bar and their persistence long after the storm peak had passed.
Forcing of near-bed flows
The relatively large magnitude, spatial uniformity and temporal coherence of the cross-shore mean velocity indicate a spatially extensive lakeward flow typical of either the drift velocities associated with a low-frequency wave or an undertow, rather than a local rip current. It has been suggested by many authors that the crossshore velocity field under dissipative wave conditions may be dominated by infragravity waves --for a review see Bowen and Huntley (1984) . Surface elevation and cross-shore velocity spectra show that levels of energy decreased landward across the surf zone (Fig. l 1) as expected from the wave height decay associated with breaking noted earlier. At 1800 h, for example, surface wave energy in the peak incident band was reduced by 75% across 45 m of the outer surf zone and by a further 40% across 55 m of the inner surf zone. There was, however, an increase in the relative importance of low-frequency energy (<0.10 Hz) close to the shoreline, which persisted into the decay period (Fig.ll) . This energy was broad banded with no clear spectral structure; it was most probably due to the presence of either leaky or trapped long waves (or both), but such modes are notoriously difficult to isolate. An offshore drift could theoretically have resulted from either of such waves; however, the outer bar was clearly dominated by energy at the incident frequency and no well structured, discrete low-frequency peaks were present in any of the spectra from these locations. Statistical coherence was large between the cross-shore velocity and water surface elevation at incident frequencies but negligible at low frequencies . Since the low-frequency signal was small and failed to exhibit any significant structure across this section of the surf zone, it is unlikely to have been responsible for the measured mean flows. The variable nature of the sedimentary response of the inner bar to the storm in the alongshore direction (the development of a sinuous crest) suggests the possibility of edge wave influence; with the present data set it is impossible to confirm or reject this hypothesis. However, analysis of the vertical structure of the velocity field and the wave-induced setup of the mean water surface by confirms the view that the mean flow is an undertow. Mean flow speeds across the outer bar were shown to be highly correlated with the measured setup across the inner surf zone (an average R2=0.60 for the three measurement locations). Wind and wave-induced setup reached a maximum of 0.35 m at the innermost wave staff (Fig.3) during the storm peak (1800h) and was itself strongly correlated (R2=0.86) with the incident wave height. Therefore, the measured velocities in this area during the storm were associated primarily with the asymmetrical incident wave oscillations and a superimposed steady flow induced by wave-driven setup.
Sediment transport potential
The direction and rate of sediment transport induced by the velocity field over the storm depends upon rather complex and poorly understood time-dependent relationships between the instantaneous velocity vector and sediment concentration (both bedload and suspended load). Unfortunately, in this study the sediment loadings could not be determined and indeed such measurements are still difficult for suspension and virtually impossible for bedload with present technology. Nevertheless, since the velocity field provides the basic forcing function for transport, it should also provide a first approximation to the potential transport divergence patterns controlling the morphological "equilibrium" identified on the outer bar. Also realistically, velocity will remain the
: r~ ~ -~ primary parameter used in theoretical models for both sediment transport and beach equilibrium. As near-bed shear stresses exceeded the threshold for motion of the local sand throughout the storm, the velocity asymmetries observed could potentially induce opposing net sediment transport. The mean flow represents a quasi-steady motion superimposed on the wave-induced oscillation, which could move sediment offshore. In contrast, the wave-induced positive skewness could cause an opposing onshore directed transport, depending upon the degree to which it reflects higher velocities (and/or greater frequency of higher velocities) in the landward direction. Since transport rate is related to some higher power of velocity (lnman and Bagnold, 1963; Wells, 1967; Bowen, 1980a; Bailard, 1981, etc.) it is possible that a few landward directed flows of large magnitude could induce the equivalent transport to many more, but opposing, flows of smaller magnitude, especially if threshold constraints are considered. To produce a net change in elevation of the bottom boundary and hence slope and form changes, however, it is also necessary that spatial gradients in the net sediment flux (or in the forcing functions) occur in order to satisfy mass conservation principles. A more detailed examination of the temporal and spatial variability of both velocity asymmetries and the distribution of onshore and offshore velocity vectors is in order.
Cross-shore sediment transport potential: outer bar
An initial approximation to the net sediment transport potential in the shore-normal direction throughout the storm peak can be obtained by considering cumulative distributions of the positive (onshore-directed) and negative (offshore-directed) velocity vectors. Figure 12 illustrates such distributions for the near-bed flows at the three locations across the landward slope of the outer bar. Early in the storm (1300h, June 16) absolute maximum velocities were all directed onshore, but exceeded the offshore maximum by less than 10%. However, this was the only significant difference and the cross-shore flow fields at each location revealed very similar distributions of onshore and offshore velocity vectors (near identity at 65 m, see Fig. 12 ).
By 2330 h, again the onshore and offshore velocity fields were similar (near identity at 60 m, see Fig. 12 ); absolute maxima again varied by less than 10% and varied between onshore and offshore directed, depending upon the location. The only slight difference that appeared at these times was a greater frequency of offshore flows; this would be an obvious response to the non-linear nature of the shoaling waves. During the storm peak however, the near-bed velocity field was dominated by offshore velocity vectors, and absolute velocity maxima were also directed offshore in association with the mean flows (Fig.12) . Furthermore, this offshore net flux of water increased in a lakeward direction from the trough, across the landward slope towards the bar crest (compare areas under the cumulative curve at this time for the 60, 65 and 75 m locations on Fig.12 ). It should be noted that continuity of mass was maintained, at least in part, by onshore mean flows and large positive velocity skewness in the upper part of the water column, resulting from both the onshore flux of mass and momentum under waves and the onshore-directed wind stress (see .
Although it is impossible to compute sediment transports directly from the velocity vector, it is apparent that, except for the storm maximum, the cumulative distributions were virtually identical; integration results in nearly equal values. Assuming no sediment resistance, these results would indicate little or no net sediment transport in the shore-normal direction. During the storm peak, however, the sediment transport reflected in the near-bed currents would have been affected by the asymmetries present. It might therefore be expected that sediment flux would have been offshore and that the increasing flux of water lakeward across the landward slope would have induced erosion of the local surface. This clearly did not occur in any measureable amount.
Cross-shore sediment transport potential." inner bar
While data are limited to the inner trough, it is evident that during the peak of the storm sediment could be driven offshore by the mean flow and onshore by the positive skewness of the velocity field. During the long post-peak period, however, the most likely direction of transport would be landward under the influence of the large and persistent positive velocity skewness values.
Discussion and conclusions
Measurements of sediment reactivation, timeintegrated sediment fluxes and bed elevation change using depth-of-activity rods show that a barred upper shoreface in the CanacJian Great Lakes consists of a sediment prism in a volumetric "steady state" over a single storm cyclel Morphologically the inner and outer bars at Wymbolwood Beach responded differently to the storm of June [16] [17] [18] 1986 , and this was associated with differences in the local, near-bed (0.1 m) velocity fields.
In the inner bar system a large positive (onshore) skewness persisted in the velocity field throughout the 2-day storm and was coupled to a large offshore mean flow (up to 0.20 m s -1) only for the period of the storm peak (8 h). Thus, there may have been opposing (even balancing) sediment transports for the storm peak, followed by solely onshore transports during the long decay phase. Certainly the onshore migration of the bar form along the instrument transect on June 17, suggests just such a pattern of sediment flux.
In contrast, the linear outer bar did not migrate but exhibited local slopes in a "steady state"in the short term (single to several storm cycles). This stability was maintained in the presence of extensive sediment transport (averaging 0.~4m 3 m -2) induced by currents well above the threshold for sediment motion. However, asymmetries in the near-bed velocity field (mean and skewness) were close to zero across both the landward and lakeward slopes of this bar for much of the storm, even under spilling breakers; thus sediment could have simply oscillated in place, giving rise to an "oscillating equilibrium" . A significant question, however, concerns the role of the large offshore mean flow and the large onshore velocity skewness observed over the outer bar during the intense transport conditions of the storm peak. Time integration of the nearbed cross-shore velocity vector at this time across the landward slope indicated a large net offshore flux of water. There was, however, no evidence for an associated net transport of sediment offshore, either erosion of the landward slope or accretion on the bar crest or lakeward slope. Existing sediment transport models based upon simple cross-products of mean properties of the velocity and sediment concentration fields (e.g., Heidegaard and Deigaard, 1988) are therefore inadequate to explain these observations.
With the advent of electro-optical and electroacoustical sensors (e.g., Downing et al., 1981 : Hanes, 1988 Hanes et al., 1988; , high-resolution measurement of sediment concentrations has revealed the episodic nature of sediment transport and the importance of intermittent suspension in the nearshore zone. Sediment flux is also not related in a simple way to the incident-wave induced velocity field, but is a response to incident waves, wave groups, oscillations in the infragravity wave band, and quasisteady mean flows. Hanes and Huntley (1986) , Doering and Bowen (1989) and Osborne et al., (1990) show that substantial onshore transports are associated with the peak wind wave frequency, while smaller offshore transports are dominated by low-frequency motions, including quasi-steady mean flows. Beach and Sternberg (1988) report that suspension transport can be dominated by infragravity motions and that net fluxes are offshore under these conditions. An oscillation at 0.034 Hz (~ 30 s) was identifiable at times across the barred nearshore slope and could have contributed to net sediment transport. Its size and character would indicate, however, that a persistent, well-defined infragravity oscillation at a single frequency was not a major transport mechanism over the outer bar during this storm. Infragravity waves may have played a role in the migration of the inner bar and the development of a threedimensional sinuous form over the storm cycle. Nevertheless, the forcing for sediment transport in this area was provided by incident wave asymmetries and a superimposed steady flow driven by wind-and wave-driven setup.
Recent measurements also show that suspension transport has a dependency at very short time scales (Hanes and Huntley, 1986: Hanes et al., 1988; . Since there is a finite time necessary for sediment to rise above the bed into suspension after the initiation of motion, a phase shift between the forcing function and maximum concentration will occur with elevation. A further complication is the generation and shedding of separation vortices in the presence of bedforms and the phase relationships with the wave-induced flows (e.g., lnman and Bowen, 1963; Sleath, 1984) . Sediment flux at any point above the bed is therefore a complex time-varying process, which may induce stratification in sediment transport such that a sediment balance could be achieved by reversals within the bottom boundary layer itself. Jaffe et al. (1985) showed that even in the presence of strong offshore mean flows this time dependency induced onshore net transport under the wind waves. The use of simple velocity time series as surrogates for sediment flux (even suspension) on the assumption of sediment motion proportional to and in phase with the velocity field therefore seems erroneous.
Finally, it must be emphasized that the lowest velocity measurement at Wymbolwood Beach was at 0.10m. Considerable uncertainty therefore exists as to the motions of fluid and sediment below this level. Furthermore, the velocity structure gives no firm evidence whatsoever for either the rate or direction of bedload transport, although the sediment balance over the outer bar might well have been achieved by transport in this layer. Certainly the structural signatures of bedload transport from the landward slope of the outer bar indicated an onshore sediment flux during at least the megaripple and ripple bed phases. It is possible, therefore, as suggested by Bowen (1980a) , Chappell (1981) and Leont'ev {I 985) , that the equilibrium slopes of the outer bar could have been achieved by an onshore flux of bedload (bedform migration) balancing an off'shore flux of sediment in suspension driven by either the mean flow or the time-varying instantaneous velocities. Only direct measurements of the actual transports taking place, including those close to and at the bed, coupled with morphological measurements will resolve these issues. Furthermore, since the outer bar form did not develop significantly during the experiments described above it remains to be determined what the local fluid dynamics could have been to produce this bar in the first place.
